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The electrochemical stability of thermally prepared Ir oxide films is investigated using a scanning flow cell (SFC)–
inductively coupled plasma mass-spectrometer (ICP-MS) setup under transient and stationary potential and/or
current conditions. Time-resolved dissolution rates provide important insights into critical conditions formaterial
breakdown and a fully quantitative in-situ assessment of the electrochemical stability during oxygen evolution
reaction (OER) conditions. In particular, the results demonstrate that stability andOER activity of the IrOx catalysts
strongly depend on the chemical and structural nature of Ir oxide species and their synthesis conditions.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Iridiumoxide is a benchmarkmaterial for the (photo)-electrocatalytic
oxygen evolution reaction (OER) in acidicmedia. Consequently, literature
on the OER on Ir oxide is extensive [1–22]. Ir oxide species are usually
divided into two categories, a highly defective amorphous and an anhy-
drous crystalline. It has been suggested repeatedly that the electrochem-
ically prepared hydrated amorphous Ir oxide has a very high OER activity
but suffers from severe corrosion [23–27]. Stabilization of hydrated
amorphous Ir oxide can be achieved by heat treatment [28], there-
fore, the degree of hydration is supposed to be one important param-
eter for oxide stability [1]. Crystalline, anhydrated Ir oxide is believed
to be more stable but less active for the OER and is a key component
of industrially employed Dimensionally Stable Anodes (DSA) in elec-
trolysis technology [29–31]. On the other hand, amorphous oxides
are prone to corrosion during OER [20]. Interpretation of the experi-
mental results obtained from such systems is however complicated,
due to the complex mass transport and interactions between electrode
components in a reactor. Recently, we presented a detailed study of
how thermal treatment of IrOx thin-film catalysts influences the OER

kinetics [32–34]. What has remained unaddressed to date, however,
concerns the correlation between geometric and electronic structure
of the Ir oxide films and their electrochemical stability. This is the
focus of the present study.

In the currentworkmetallic iridium and thermally prepared iridium
oxide thin-filmmodel catalysts (on Ti substrates), fully characterized in
terms of material properties and OER activity [32,33], are investigated
using a scanning flow cell inductively coupled plasma mass spectrome-
try (SFC–ICP-MS) setup [35,36], and compared in terms of dissolution at
conditions relevant to the OER.

2. Experimental

Thin iridium oxide films were prepared by spin coating of an Ir
acetate precursor (thermally decomposable in air at 250 °C) on a Ti
substrate and subsequent calcination in air according to [32,33].
Dissolution of metallic iridium was investigated on a polycrystalline
Ir disk (MaTecK, Germany). All electrochemical and spectrometric
measurements were performed using an SFC coupled with an ICP-
MS (NexION 300X, Perkin Elmer) as described elsewhere [35,37,
38]. The measurements were performed at room temperature apply-
ing 0.1 M perchloric acid (Merck Suprapur® 70% HClO4 diluted using
ultrapure water (PureLab Plus system, Elga, 18 MΩ, TOC b 3 ppb)) as
electrolyte.
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3. Results and discussion

Initial stability screening was performed by applying an electrode
potential ramp starting at E = −0.05 VRHE and ending at the potential
where a current density j = 30 mA cm−2 was reached. Corresponding
real-time dissolution profiles of Ir and Ti are shown in Fig. 1. Note that
for clarity the scaling of the y-axis is different in each partial plot.
As can be clearly seen from the graphs in Fig. 1, all samples except
IrOx@550 °C (here and below the numeric value represents the calcina-
tion temperature), start to dissolve already at low potentials. The
amount of dissolved material increased when starting at a more nega-
tive potential. On the other hand no measurable amount of Ir was de-
tected in the electrolyte when the ramp was started from open circuit
potential (OCP ca. 0.9–1.0 VRHE). Thus, we attribute this dissolution pro-
cess to cathodic transient dissolution [38,39]. In terms of the amount of
cathodically dissolved material, IrOx@350 °C is the least stable oxide.
Surprisingly, the highest dissolution peak was found on metallic Ir,
which is most likely due to the reduction of the innate surface oxide
formed in air. In this potential region no Ti dissolution was detected.
The initial cathodic Ir dissolution decreased as the potential was swept
anodically. Data in Fig. 1 evidences that at and above electrode poten-
tials where the OER is thermodynamically possible, Ir dissolution initi-
ates. IrOx@550 °C exhibits the highest Ir dissolution and OER onset
potential of E = 1.5 VRHE. The dissolution rate measured at j =
30mA cm−2 was used for a quantitative comparison of catalyst dissolu-
tion during the OER (see Table 1 below). IrOx@550 °C is themost stable,
while metallic Ir was found to be the least stable of all electrode mate-
rials investigated. The increased stability of the IrOx@450 °C compared
to the films calcined at 250 and 350 °C is likely correlated with the for-
mation of a crystalline IrO2 phase at 450 °C that was shown to exhibit a
higher degree of lattice oxygen at the surface and consequently a lower

degree of surface hydroxylation [32,33]. It seems plausible to conclude
that crystalline order and lattice oxygen at the surface stabilize the Ir
oxide against corrosion. At 550 °C calcination temperature, Ti diffuses
into the Ir oxide layer and alters its chemical properties [32,33], which
seem to result in further stabilization. Interestingly, the fully amorphous
IrOx@250 °C is by a factor of 4 more stable than the oxide film calcined
at 350 °C, which is comprised of a mixture of the crystalline and the
amorphous Ir oxide species. To explain the enhanced corrosion of the
350 °C film electrode, we therefore put forward the hypothesis that
the coexistence of an amorphous and a crystalline phase is conducive
to enhanced metal dissolution from the amorphous phase combined
withmetal ion transport, possibly at and along grain boundaries. In par-
allel to Ir, Ti dissolution was observed for all samples except for IrOx@
250 °C and metallic Ir, with a clear trend of increasing Ti dissolution
with increase in the calcination temperature.

The operation of water electrolysers powered by renewable energy
is expected to be intermittent, which may pose additional issues for
catalyst stability [40,41]. To simulate fluctuating power inputs on the
stability of the catalysts, consecutive square wave cycles with loads of
j = 5 mA cm−2 over 3 s and idle breaks of j = 0 mA cm−2 over 3 s
were applied. Corresponding dissolution profiles for Ir and Ti are
shown in Fig. 2a and b, respectively, and the results are in line with
those presented in Fig. 1. In particular, among all calcined Ir oxides
IrOx@350 °C was the least stable. Again, dissolution of Ti was observed
on all calcined electrodes except IrOx@250 °C. The amount of dissolved
Ti for the three samples was similar. In the studied time interval disso-
lution of both metals did not reach a steady state value, although it is
still possible to estimate dissolution tendency. At the end of the mea-
surement, dissolution from the samples calcined at 450 °C and 550 °C
was below the experimental detection limit of 0.5 pg cm−2 s−1 and
15 pg cm−2 s−1 (S/N=3) for Ir and Ti, respectively. Initial Ir dissolution
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Fig. 1.Mass-spectrometric linear voltammograms (gray lines) and electrochemical linear voltammograms (colored lines) taken from four Ir oxide samples calcined at different temper-
atures andmetallic Ir as indicated in the figure. Dissolution of Ir and Ti is presented in top and bottom row images, respectively. The potential was scanned from−0.05 VRHE to a potential
corresponding to current density of j = 30 mA cm−2 at which the scan was stopped and OCP was established. The scan rate was 10 mV s−1.
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